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CONVERSION  FACTORS:  U.S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 

These  conversion  factors  include  all  the  significant  digits  given  in 
the  conversion  tables  in  the  ASTM  Metric  Practice  Guide  (E  380), 
which  has  been  approved  for  use  by  the  Department  of  Defense. 
Converted  values  should  be  rounded  to  have  the  same  precision 
as  the  original  (see  E  380). 

Multiply _ By _ To  obtain 


inch  0.0254*  metre 

inch2  0.00064516*  metre2 

foot  0.3048*  metre 

pound  0.4535924  kilogram 

pound-force  4.448222  newton 

ton  0.02916667  kilogram 

degrees  Fahrenheit  t°c  =  (t°c-32)/1 .8  degrees  Celsius 


COMPARATIVE  ANALYSIS  OF  THE  USSR  CONSTRUCTION 
CODES  AND  THE  US  TECHNICAL  MANUAL  FOR 
DESIGN  OF  FOUNDATIONS  ON  PERMAFROST 


Anatoly  M.  Fish 


INTRODUCTION 

This  paper  is  principally  a  discussion,  from  the 
viewpoint  of  frozen  soil  mechanics,  of  foundation 
analytical  and  design  methods  employed  in  the 
U.S.S.R.  Design  Code  SNiP  II-18-763  (1977)  and 
U.S.  Army  Cold  Regions  Research  and  Engineering 
Laboratory  Special  Report  (SR)  80-3422  (1980)+, 
Thermophysical  problems  of  frozen  soils  as  well  as 
the  design  of  foundations  on  thawing  soils  are  not 
considered  in  this  review.  In  the  present  work,  the 
author  does  not  pretend  to  undertake  a  detailed  and 
comprehensive  critical  review  of  the  theoretical  bases 
of  analysed  used  in  the  U.S.  and  U.S.S.R.  design 
practices.  It  is  obvious  that  any  accepted  theory  or 
analytical  method,  no  less  than  any  standard  test 
procedure  for  determining  soil  properties,  has  both 
positive  and  negative  features,  and  can  be  the  subject 
of  separate  discussion.  The  author  participated  in 
the  preparation  of  the  former  edition  of  the  SNiP4, 
a  Design  Manual5  and  other  documents.  As  a  con¬ 
sequence  of  this  familiarity  with  the  details  of  the 
development  of  standards  governing  Soviet  design 
practice,  some  of  the  commentary  will  extend  beyond 
a  mere  exposition  of  the  contents  of  the  current 
version  of  the  SNiP.  The  purpose  of  the  author’s 
review  is  to  identify  both  the  strong  and  weak  aspects 
of  the  latest  edition  of  the  Soviet  SNiP  and  of  SR 
80-34  as  a  whole,  and  to  discuss  needed  research  to 
make  design  of  foundations  on  permafrost  more 
reliable  and  economical. 


U.S.S.R.  SYSTEM  OF  STANDARDS 

In  the  U.S.S.R.  all  design  and  construction  of 
buildings  and  structures,  and  also  the  testing  of  con- 


tSpecial  Report  80-34  was  prepared  with  the  final  objective 
of  publication  as  an  official  engineering  manual:  Department 
of  the  Army  Technical  Manual  TM  5-852-4  and  Department 
of  the  Air  Force  Manual  88-19,  Chapter  4,  Arctic  and  Sub¬ 
arctic  Construction,  Foundations  for  Structures. 


struction  materials  and  soils,  are  carried  out  according 
to  the  requirements  contained  in  the  following  docu¬ 
ments: 

1 .  Construction  Standards  and  Codes  (SNiPs). 

2.  Instructions,  Recommendations,  Guidelines 
and  Manuals  for  design,  analysis,  and  construc¬ 
tion  of  specific  types  of  projects. 

3.  State  Standards  (GOSTs)  on  the  requirements 
as  to  the  quality  of  construction  materials, 
equipment,  methods  and  procedures  of  tests, 
etc. 

These  documents  are  prepared  by  the  leading  de¬ 
sign  and  research  institutes  and  are  called  “standard 
documents.”  Official  editions  of  SNiPs,  GOSTs,  etc. 
are  issued  by  the  government  departments  and  have 
the  force  of  law;  compliance  is  obligatory.  Minor 
variance  is  permitted  only  with  special  written  per¬ 
mission  of  the  institute  that  prepared  the  document, 
and  only  in  those  cases  where  there  is  sound  tech¬ 
nical  and  economic  justification. 

Publication  of  the  standard  documents  is  planned 
and  financed  by  the  State  Committee  for  Construc¬ 
tion  (GOSSTROY),  and  by  various  ministries  and 
government  departments.  The  main  standard  docu¬ 
ments  on  construction  are  SNiPs.  There  are  about 
200  chapters  of  SNiP  and  hundreds  of  the  items  men¬ 
tioned  in  2  and  3  above.  According  to  existing  prac¬ 
tice  the  SNiPs  are  revised  about  once  every  10  years. 
Materials  which  for  some  reason  were  not  included 
in  a  chapter  or  were  developed  during  the  interval  be¬ 
tween  two  editions  arc  published  in  Guidelines, 
Instructions,  or  Recommendations.  Some  of  these 
arc  issued  by  GOSSTROY  or  the  other  government 
departments,  and  serve  as  a  supplement  to  the  appro¬ 
priate  chapter  of  SNiP.  Besides  these  there  arc  many 
semiofficial  documents  such  as  Guidances  and  Hand¬ 
books.  As  a  rule,  after  publication  of  a  revised  docu¬ 
ment  the  previous  one  loses  its  legal  status.  Therefore, 
each  year  GOSSTROY  publishes  a  special  list  of  the 
documents  that  are  currently  in  effect'  >2. 


U.S.S.R.  DESIGN  CODE  SNiP  11-18-76  (1977)  SUB-  Since  the  American  reader  is  not  familiar  with 


SOILS  AND  FOUNDATIONS  ON  PERMAFROST 

The  main  standard  document  on  design  of  founda¬ 
tions  on  permafrost  is  SNiP  II-18-763,  which  is  pre¬ 
pared  by  NIIOSP  (Scientific  Research  Institute  of 
Foundations  and  Underground  Structures),  Moscow, 
with  the  participation  of  design  and  research  insti¬ 
tutes  such  as  LENZNIIEP  (Leningrad),  FUNDAMENT- 
PROYEKT  (Moscow),  TSNIIIS  (Moscow)  and  PROM- 
STROYPROYEKT  (Krasnoyarsk).  The  current  ver¬ 
sion  went  into  effect  on  1  January  1978.  The  chap¬ 
ter  was  developed  mainly  on  the  basis  of  six  refer¬ 
ences4'9  and  covers  foundation  design  for  civil  and 
industrial  buildings.  It  does  not  cover  design  of 
special  structures  such  as  roads,  railroads,  bridges 
(except  some  specifics  of  foundation  design),  tunnels, 
or  dams.  The  requirements  of  this  chapter  also  do 
not  apply  to  subsoil  and  foundation  design  for  hydro- 
technical  structures,  airfield  pavements,  machines 
with  dynamic  loads,  and  buildings  and  structures  in 
areas  of  subsidence  caused  by  coal  mining,  etc.  De¬ 
sign  of  these  structures  is  covered  by  the  regulations 
in  special  chapters  of  the  SNiP10. 

SNiP  11-1 8-76  consists  of  the  following  sections: 

1.  General  regulations. 

2.  Classification  of  soils. 

3.  Basic  regulations  of  foundation  design. 

4.  Analysis  of  subsoils  and  foundations. 

5.  Specifics  of  design  of  foundations  on  ice-rich 
soils  and  ground  ice. 

6.  Specifics  of  design  of  foundations  on  saline 
soils. 

7.  Specifics  of  design  of  foundations  on  frozen 
organic  soils  and  peat. 

8.  Specifics  of  design  of  foundations  in  seismic 
permafrost  regions. 

9.  Specifics  of  design  of  foundations  for  bridges 
and  culverts. 

Appendix  1.  Design  values  of  thermophysical 
characteristics  of  unfrozen  and 
frozen  soils. 

Appendix  2.  Temperature  regime  of  winter- 
ventilated  crawl  spaces. 

Appendix  3.  Depth  of  thawed  ground  under 
buildings  and  structures. 

Appendix  4.  Depth  of  seasonal  freeze-thaw  of 
soil. 

Appendix  5.  Analysis  of  stability  and  strength 
of  foundations  on  frost-heaving 
soil. 

Appendix  6.  Design  values  of  strength  charac¬ 
teristics  of  frozen  soils. 

Appendix  7.  Analysis  of  foundation  settlements 
on  ice-rich  soils  and  ground  ice. 


their  content,  the  various  sections  will  be  considered 
briefly. 

General  regulations 

In  this  section  the  following  basic  requirements 
are  formulated: 

1.  Scope  of  SNiP  11-18-76. 

2.  Meeting  the  State  Standards  and  Codes. 

3.  Scope  of  geocryological  surveys,  the  amount  of 
in  situ  data  needed  and  laboratory  testing  of  soils. 

4.  Monitoring  of  subsoil  conditions  during  con¬ 
struction  and  use  of  a  structure. 

Only  general  requirements  for  the  scope  of  engi¬ 
neering  surveys  of  frozen  soils  are  included  in  this 
SNiP.  Their  scope  corresponds  approximately  to 
Figure  4-1  of  SR  80-3422.  More  detailed  information 
on  this  question  is  contained  in  State  Standards  and 
Special  Instructions10-1 

The  most  important  regulations  of  the  section 
concern  the  following: 

1 .  Design  of  structures,  taking  into  account  pos¬ 
sible  changes  in  the  temperature-moisture  regime 
of  subsoils  during  the  period  of  their  use. 

2.  Compilation  (before  construction  begins)  of 
special  programs  of  observations  of  foundation 
and  subsoil  conditions  during  construction  and 
use  of  the  structure. 

3.  Development  of  measures  for  environmental 
protection. 

One  can  conclude  that  meeting  the  first  two  reg¬ 
ulations  involves  conventional  cold  regions  engineer¬ 
ing  practice  and  causes  no  extraordinary  difficulties!. 
But  meeting  the  third  would  require  development  of 
a  method  for  estimating  the  economic  consequences 
of  changes  in  the  temperature  regime  of  the  frozen 
ground.  Special  technical  solutions,  necessitating 
scientific  research  in  some  cases,  would  be  required 
to  find  ways  to  localize  and  limit  these  changes. 
Nowadays  such  solutions  can  be  found  with  confi¬ 
dence  only  in  cases  where  the  frozen  state  of  the  sub¬ 
soil  is  preserved.  For  thawing  soils  such  solutions 
have  not  been  developed.  It  is  quite  obvious  that 
attempts  to  satisfy  this  requirement  in  the  absence 
of  an  adequate  technological  base  might  lead  to  very 
serious  deficiencies  in  design.  Apparently,  this  re¬ 
quirement  was  included  in  the  SNiP  mainly  to  call 
the  attention  of  designers  to  the  problem  of  environ¬ 
mental  protection. 

Classification  of  soils 

The  basic  classification  of  frozen  soils  according 

tShaded  text  is  author's  comments  on  either  the  SNiP  or  the 
SR  and  may  contain  information  not  found  in  either  docu¬ 
ment. 


to  their  granulometric  composition  adopted  in  the 
SNiP  does  not  differ  substantially  from  that  of  un¬ 
frozen  soils9.  However,  frozen  soils  are  further 
classified  according  to: 

1.  Cryogenic  structure. 

2.  Degree  of  ice-cementing  and  rheological 
properties. 

3.  Ice  content. 

4.  Organic  content. 

5.  Salt  content. 

Frozen  soils  are  subdivided  according  to  cryo¬ 
genic  structure  into  two  categories:  “massive" 

(fused)  structure  and  reticulate-layered  (laminar- 
cellular)  structure. 

According  to  the  degree  of  ice-cementing  and 
rheological  properties,  frozen  soils  are  divided  into 
three  groups: 

1.  Solidly  frozen- soils  cemented  by  ice  with  a 
compressibility  coefficient  of  a  <  0.001  cm2/ 
kgf  and  various  temperatures  (depending  on 
granulometric  composition)  lower  than  -1 ,5°C. 

2.  Plastic  frozenf— sandy  and  day  soils  cemented 
by  ice  with  a  >  0.001  cm2/kgf,  degree  of  sat¬ 
uration  G  >  0.8  and  with  temperature  (de¬ 
pending  on  granulometric  composition)  from 
0  to  -1 ,5°C. 

3.  Loosely  frozen -coarse-grained  soils  and  sands 
not  cemented  by  ice,  with  water  content 

w  <  0.03. 

Special  design  provisions  apply  if  the  frozen  soil 
belongs  to  one  of  the  following  classes: 

1 .  Ice-rich  soils- when  the  fraction  of  ice  inclu¬ 
sions  /  j  >  0.4. 

2.  Peaty  frozen  soils- when  the  organic  content 
g  >  3%  of  the  mineral  parts  for  sandy  soils 
and  5%  for  clayey  soils. 

3.  Saline  frozen  soils- when  the  salt  content 
(depending  upon  granulometric  composition) 
is  greater  than  10%  of  the  dry  soil  weight. 

Peaty  and  saline  frozen  soils  can  also  be  classi¬ 
fied  as  solidly  frozen  or  plastic  frozen  soils,  depend¬ 
ing  upon  their  temperature  and  organic  and  salt 
content.  The  importance  of  such  a  classification 
will  be  shown  later;  here  we  merely  note  that  the 
classification  is  the  basis  for  selection  of  1)  the  scope 
of  field  and  laboratory  tests  of  soil,  2)  the  effective 
types  of  foundations,  3)  the  methods  of  toundation 
analysis. 

Relationships'2  among  the  simplest  physical 
characteristics  of  frozen  soils  and  some  of  their 
properties  arc  also  given  in  this  section. 


f  Plastic  is  a  conventional  term  used  in  the  SNiP  to  refer 
to  frozen  soils  that  undergo  substantial  deformation  under 
moderate  loads. 


Basic  regulations  for  foundation  design 

This  section  contains  recommendations  for  se¬ 
lecting  the  method  of  using  frozen  ground  as  a  sub¬ 
soil  for  structures  and  technical  instructions  for 
foundation  design,  depending  on  the  construction 
method  chosen. 

Two  principles  of  design  for  building  on  frozen 
ground  are  stated: 

I.  Preservation  of  the  frozen  state  of  the  subsoil. 

II.  Preconstruction  thawing  of  the  subsoil  or 
allowing  subsoil  thawing  during  construction 
or  use  of  a  structure. 

For  subsoils  that  are  kept  in  the  frozen  state 
(principle  I),  recommendations  are  made  for  pre¬ 
serving  the  subsoil  thermal  regime  or  decreasing  the 
temperature  of  plastic  frozen  soils  by  providing 
winter-ventilated  air  (crawl)  spaces,  pipes  and  chan¬ 
nels,  thermopiles,  etc.  Precast  concrete  pile  founda¬ 
tions  are  proposed  as  the  main  type  of  foundation 
for  construction  under  principle  I.  Methods  for  pile 
installation  are  selected  according  to  the  type  of 
frozen  soil. 

Thaw  prior  to,  during,  or  after  construction  is 
permitted  cither  when  the  building  is  founded  on 
bedrock  or  when  deformation  of  thawing  ground 
does  not  exceed  the  values  given  by  SNiP  11-1 5-749. 
To  reduce  the  expected  settlement  or  damage  due  to 
thawing  of  soils  the  following  measures  are  recom¬ 
mended: 

1.  Improvements  in  the  construction  properties 
of  soils  by  preconstruction  thaw,  compaction 
and  stabilization  of  thawing  soils,  etc. 

2.  Increasing  the  general  rigidity  of  a  structure 
to  permit  only  uniform  settlements  as  a  unit, 
or  increasing  the  flexibility  of  a  structure  to 
permit  deformations  without  structural  damage. 

It  is  emphasized  that  the  principle  (basis  of  de¬ 
sign)  must  be  selected  from  technical  and  economic 
comparison  of  designs,  considerations  of  the  future 
serviceability  of  the  structures  if  large  deformations 
arc  expected,  and  measures  connected  with  site  work, 
grading,  drainage,  and  protection  of  the  environment. 

Analysis  of  subsoils  and  foundations 

In  general,  the  analysis  of  subsoils  and  founda¬ 
tions  involves  separate  consideration  of  two  topics: 
bearing  capacity  of  footings  and  piles,  and  founda¬ 
tion  settlements. 

Design  criteria 

Subsoil  analyses  and  foundation  designs  are  based 
on  various  assumptions.  Safety  factors  are  used  to 
decrease  the  uncertainty  of  the  analyses.  SNiP 
11-18-76  does  not  include  a  separate  section  on 
safety  factors  in  design.  Information  on  this  question 


is  scattered  in  various  SNiPs.  However,  since  the 
construction  cost  depends  substantially  upon  the 
safety  factors  that  are  chosen,  this  problem  is  worthy 
of  discussion  in  the  framework  of  the  present  anal¬ 
ysis. 

One  of  the  most  important  requirements  of  SNiP 
11-1 8-763,  compared  with  the  previous  edition4,  is 
the  increased  reliability  (more  conservative  design) 
of  structures  on  frozen  ground  that  is  achieved  by 
incorporating  the  following  safety  factors: 

1.  Overload  safety  coefficients. 

2.  Soil  safety  factors. 

3.  Reliability  coefficients. 

Overload  safety  coefficients  are  used  in  analyzing 
the  bearing  capacity,  stability,  and  settlements  of 
foundations.  Their  absolute  values,  which  are  tabu¬ 
lated  in  a  special  chapter  of  the  SNiP1 3,  depend  on 
the  statistical  probability  of  the  coincidence  of  var¬ 
ious  live  and  dead  loads. 

Soil  safety  factors  are  selected  on  the  basis  of 
statistical  analysis  of  the  results  of  field  and  labora¬ 
tory  soil  tests.  In  all  analyses  of  subsoils,  the  design 
values  of  soil  characteristics  A  are  used,  which  are 
determined  by  the  formula 


where  A  n  is  a  nominaif  soil  characteristic,  i.e.,  co¬ 
hesion  cn,  a  friction  angle  <t>n,  bulk  unit  weight  yn, 
etc.; ks  is  a  soil  safety  factor. 

Soil  safety  factors  are  selected  in  accordance  with 

1 )  the  variability  of  the  characteristics  of  the  soil, 

2)  the  number  of  tests,  and  3)  the  applicable  value 
of  the  probability  confidence  limit,  which  is  0.85  in 
analysis  of  bearing  capacity  and  deformations,  0.9 
for  foundations  of  bridges  and  0.99  in  certain  special 
cases. 

Reliability  coefficients,  standardized  by  the  SNiP, 
are  values  established  for  each  design  principle,  cate¬ 
gory  (class)  of  structure,  and  method  of  foundation 
analysis.  They  are  used  for  analysis  of  foundation 
bearing  capacity  or  stability  with  respect  to  frost 
heave,  but  not  for  settlement  analysis. 

The  introduction  of  these  safety  factors  is  the 
most  important  change  in  the  new  SNiP,  making  it 
possible  to  apply  statistics  in  foundation  design.  Thus, 
according  to  SNiP  11-18-76,  analysis  of  bearing  ca¬ 
pacity  consists  of  satisfying  the  criterion 

/Vd  <  Q*  (2) 

t  A  nominal  characteristic,  according  to  the  SNiP's  termin¬ 
ology,  means  an  average  value  of  a  property  obtained  from 
field  or  laboratory  tests. 


where  Nd  =  Nn  ■  &ov  =  design  load 

Nn  =  nominal  load:  dead  and  live  loads 
kov  =  overload  safety  coefficient 
Q*  =  Q/kr  =  design  (allowable)  bearing  capacity 
Q  =  ultimate  (nominal)  bearing  capacity  of 
subsoil 

&r  =  reliability  coefficient. 

The  value  of  60v  generally  varies  from  1  to  2,  but 
it  can  be  0.9,  for  example,  in  the  analysis  of  founda¬ 
tion  stability  with  respect  to  frost  heave.  The  values 
of  kr  are  between  1 .1  and  1 .2  for  all  types  of  founda¬ 
tions  except  those  for  bridges.  For  bridge  pile  found¬ 
ations  kr  varies  from  1.4  to  1.75,  depending  upon 
the  number  of  piles  in  the  foundation. 

Bearing  capacity  analyses  are  performed  for  all 
types  of  froien  soils,  including  solidly  frozen,  loosely 
frozen,  and  plastic  frozen  soils,  ice-rich  soils,  and 
ground  ice. 

Analysis  of  deformations  consists  of  satisfying 
two  criteria: 

1.  Average  design  bearing  pressure  p  under  the 
foundation  must  not  exceed  the  allowable 
bearing  pressure  q*,  i.e., 

P  <  Q*  (3) 

where  p  -  NJF,  q*  =  Q*/F,  and  F  is  the  foun¬ 
dation  area. 

2.  Foundation  deformations  (total  settlement, 
tilt,  differential  movement,  etc.)  must  not  ex¬ 
ceed  the  permissible  ultimate  value  S*,  i.e., 

S  <  S*  .  (4) 

Settlement  analyses  are  performed  only  for  found¬ 
ations  on  plastic  frozen  soils,  ice-rich  soils  and  ground 
ice.  The  accepted  values  of  S*  are  the  same  as  the 
maximum  deformations  customarily  allowed  for 
structures  on  unfrozen  soils9  without  any  alteratic 
to  account  for  the  severe  climatic  conditions  of 
northern  regions. 

The  SNiP  requires  the  use  of  soil  safety  factors 
in  all  types  of  foundation  analyses  and  the  use  of 
reliability  coefficients  in  analyses  of  bearing  capacities 
and  stabilities.  The  SNiP  does  not  require  that  a 
special  safety  coefficient  be  applied  in  the  analysis  of 
foundation  settlements.tt 

In  considering  the  possible  need  for  such  a  safety 
factor,  it  is  noted  that  numerous  data  on  damaging 
settlements  and,  in  some  cases,  failure  of  structures 

ttHowever,  it  will  be  shown  that  the  analytical  methods  of 
the  SNiP  (and  SR80-34  as  well)  contain  certain  safety  factors 
implicitly. 


have  been  accumulated1 2.  In  many  cases  the  conse¬ 
quences  of  foundation  settlements  have  been  so  severe 
that  the  cost  of  reconstruction  far  exceeded  the  in¬ 
itial  construction  cost.  It  appears  that  the  analysis 
of  foundation  settlements  should  take  into  account 
the  economic  consequences  of  excessive  settlements, 
which  may  entail  large  costs  for  repair  and  in  extreme 
cases  complete  reconstruction.  It  would  be  very  use¬ 
ful  to  introduce  an  economic  safety  factor  in  the 
analysis  of  settlements.  Thus  eq  4  would  become 


S< 


(5) 


where  ktc  >  1  =  an  economic  safety  factor. 

Such  a  safety  factor  could  consist  of  a  number  of 

coefficients  (kec  x  k2  x  . Mn),  each  reflecting 

the  dependence  of  the  repair  or  reconstruction  cost 
upon  the  consequences  of  large  deformations  of 
structures  on  permafrost.  They  could  be  tabulated 
according  to  the  type  of  structure,  the  regional  and 
climatic  factors  affecting  the  costs  of  construction 
materials,  labor,  transportation,  etc.  As  construction 
experience  accumulates,  the  coefficients  could  be 
revised  as  necessary. 

It  is  well  known  that  selecting  the  most  econom¬ 
ical  type  of  foundation  is  a  complicated  problem, 
requiring' a  comparison  of  various  foundation  types 
and  detailed  cost  estimates.  Introduction  of  an 
economic  safety  factor  would  simplify  the  design 
procedure,  particularly  in  the  case  of  thawing  soils. 


Bearing  capacity  analysis  of  footings 
and  pile  foundations 

The  nominal  bearing  capacity  Q  of  ccntrically 
loaded  footings  or  single  piles  is  estimated  by  the 
following  formula: 


<?  =  *uc 


(  m 

[RF+Z 

\  i- 1 


^ad(i) 


(6) 


where 

^uc  =  uniformity  (nonhomogeneity)  coef¬ 
ficient  =  1.4,  depending  upon  soil 
temperature,  type  of  foundation,  etc. 

F  =  cross-sectional  area  of  pile  or  footing 
=  shear  area 

R  =  long  term  resistance  of  frozen  soils 
to  normal  pressure 

/?ad(  jj  =  frozen  soil  long  term  adfreezing 
strength 

m  -  number  of  soil  layers. 

The  bearing  capacity  of  a  footing  on  frozen  soils 
depends  mainly  on  the  soil  resistance  R  to  the  applied 
normal  pressure.  In  lieu  of  the  tabulated  values,  R 
can  also  be  obtained  from  laboratory  tests.  In  the 
latter  case  the  R  values  are  calculated  by  the  Berez- 


antsev  solution  for  a  square  foundation  on  an  ideally 
cohesive  medium  (angle  of  internal  friction  0  =  0): 

R  =  5.7 c  +  yh  (7) 


where 

c  =  design  value  of  the  long  term  cohesive 
strength,  determined  from  unconfined  com¬ 
pression  tests  (assuming  after  Mohr  that 
c  »  0.5  o,  where  a  is  the  long  term  com¬ 
pressive  strength),  or  by  the  ball  plunger 
testing  method 

7  =  design  bulk  unit  weight  of  uie  frozen  soil 

h  =  foundation  depth. 

The  solution  is  based  on  the  assumed  complete 
formation  of  a  zone  of  plastic  equilibrium  under  the 
foundation. 

The  design  values  of  R  and  tabulated  in 

the  SNiP  depend  on  the  soil  type,  temperature,  and 
salt,  peat,  and  ice  contents.  In  addition,  the  tabulated 
values  of  depend  on  the  type  of  adfreezing 
surface.  The  subsoil  temperature  is  estimated  by 
conducting  a  thermal  analysis.  Formulas  and  the 
thermophysical  characteristics  of  soil  necessary  for 
such  an  analysis  are  given  in  the  SNiP.  For  short  term 
and  repeated  loading,  the  tabulated  values  of  R  are 
increased  by  up  to  100%,  depending  on  the  duration 
of  the  load.  For  repeated  loads  of  24  hr  or  more  in 
duration,  the  correction  factor  is  1.05. 

The  SNiP  proposes  a  very  interesting  method  of 
temperature  corrections  for  determining  pile  founda¬ 
tion  bearing  capacity  from  the  results  of  field  experi¬ 
ments.  The  nominal  bearing  capacity  Q  of  a  single 
pile  is  determined  by  the  formula: 

<?  =  *  tj£  (8) 

where 

Pn  =  nominal  bearing  capacity  of  a  single  pile 
obtained  from  field  tests 
=  soil  safety  factor 

/?,  =  C?d/(?ex  =  temperature  correction  coeffic¬ 
ient. 

Qd  and  Qex  are  theoretical  values  of  pile  bearing 
capacity  estimated  by  eq  6  for  the  design  temperature 
of  the  structure  subsoil  (Qd)  and  for  the  test  tempera¬ 
ture  (Qex). 

For  instance,  if  the  tests  were  performed  in  the 
period  of  maximum  ground  temperature  (summer) 
and  the  design  temperature  of  the  structure’s  subsoil, 
determined  by  the  thermal  analysis,  was  lower,  the 
bearing  capacity  of  the  pile  Pn  obtained  from  the 
field  tests  can  be  raised.  The  reverse  is  also  true.  The 
method  for  determining  Pn  does  not  differ  substan¬ 
tially  from  that  given  in  SR  80-34. 
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The  bearing  capacity  of  piles  in  permafrost  in  the 
case  of  partial  thawing  of  frozen  ground  is  determined 
by  taking  into  account  the  negative  friction  of  the 
soils  caused  by  settlement  of  the  thawing  layer  (pro¬ 
vided  drainage  takes  place).  The  magnitudes  of 
friction  forces  are  taken  to  be  equal  to  those  of  un¬ 
frozen  soils9. 

One  concludes  that  the  following  are  basic  prem¬ 
ises  of  the  SNiP  in  regard  to  bearing  capacity  analysis: 

1 .  Frozen  soil  is  considered  as  an  ideally  cohesive 
medium  (c  *  o  and  <j>  =  o). 

2.  Frozen  soils  are  assumed  to  possess  long  term 
strength  whose  value  differs  insignificantly 
from  their  24-hr  strength. 

In  reference  to  point  1,  it  is  not  clear  why,  for  the 
same  soil,  the  friction  angle  need  not  be  taken  into 
account  when  the  soil  is  frozen,  even  though,  accord¬ 
ing  to  the  SNiP9,  analysis  of  the  thawed  or  thawing 
soil  bearing  capacity  must  take  into  account  both 
cohesion  and  friction  of  the  soil,  no  matter  how 
small  they  are.  The  assumption  that  the  frozen 
soil’s  24-hr  strength  differs  only  slightly  from  the 
long  term  strength  is  not  confirmed  by  the  experi¬ 
mental  data1 4.  Apparently  this  simplifying  assump¬ 
tion  is  introduced  in  an  attempt  to  facilitate  the 
design  and  the  test  procedure. 

From  an  engineering  viewpoint  such  assumptions 
are  possible.  However,  the  requirements  of  the  SNiP 
concerning  the  selection  of  the  most  economical 
design  are  not  strictly  fulfilled  by  this  procedure. 


Settlement  analysis  of  foundations 
on  plastic  frozen  soils 

As  noted  above  the  SNiP  requires  that  settlements 
be  estimated  only  for  foundations  on  plastic  frozen 
soils,  tacitly  implying  that  deformation  of  solidly 
frozen  soils  may  be  neglected. 

The  analysis  of  settlements  of  footings  on  plastic 
frozen  soils  can  be  divided  into  two  stages:  determin¬ 
ation  of  the  allowable  bearing  pressure  on  the  subsoil 
q*,  and  calculation  of  foundation  settlement  S. 

The  allowable  bearing  pressure  on  the  subsoil  is 
determined  by  an  analysis  of  bearing  capacity.  Set¬ 
tlements  of  footings  are  calculated9  by  the  commonly 
known  semi-empirical  method  of  summing  the  ver¬ 
tical  "elastic”  deformation  of  individual  layers  of 
the  subsoil  along  the  center  line  of  the  foundation 
(Fig.  1 ).  The  latter  are  calculated  from  the  solutions 
of  the  boundary  problem  of  the  linear  theory  of 
elasticity.  In  the  general  case  the  ultimate  foundation 
settlement  is  estimated  by  the  formula: 


where 

Pj  =  C0| (p-pQ),  an  average  pressure  in  the  /th 
layer  of  the  subsoil  along  the  central  axis 
of  a  foundation 

p  =  total  average  design  unit  load  under  the 
foundation 


Nd 


Figure  /.  Diagram  for  analysis  of  foundations. 
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pQ  =  yh,  overburden  pressure 
u)j  =  stress  distribution  coefficient  in  the  /',h 
layer  of  the  subsoil  depending  upon  the 
depth  of  the  layer  and  the  foundation 
shape,  etc. 

/»j  =  height  of  the  /'th  layer 
0  =  0.8,  a  dimensionless  coefficient 
£|  =  deformation  modulus  of  fth  layer 
m  =  number  of  layers. 

Either  the  deformation  modulus  £(,  determined  in 
situ,  or  the  laboratory  determined  compressibility 
coefficient  flj  for  each  layer  is  used  in  the  analysis, 
taking  into  account  neither  the  time  factor  nor  the 
annual  temperature  change  of  frozen  soil.  The  SNiP 
also  allows  the  settlements  to  be  calculated  on  the 
basis  of  the  solution  of  the  nonlinear  problem. 

Such  an  approach  to  the  problem  of  the  analysis 
of  foundation  settlements  gives  rise  to  the  following 
questions: 

1 .  From  the  viewpoint  of  the  mechanics  of  solids, 
there  is  no  difference  between  solidly  frozen 
and  plastic  frozen  soils.  Both  deform  if  the 
load  exceeds  a  certain  level.  Therefore,  it  is 
not  clear  why  plastic  frozen  soil  is  considered 
to  be  deformable  (compressible)  and  solidly 
frozen  soil  not  deformable,  since  both  event¬ 
ually  fail,  accompanied  by  large  deformations. 

2.  It  is  extremely  difficult  to  maintain  the  temper¬ 
ature  regime  of  a  subsoil  when  it  is  close  to 
0°C,  thereby  fitting  the  definition  of  frozen  soil. 
It  is  probable  that  a  plastic  frozen  soil  will 
change  either  to  the  unfrozen  or  to  the  solidly 
frozen  state.  For  solidly  frozen  soil,  no  settle¬ 
ment  analysis  is  required3.  For  plastic  frozen 
soil,  the  SNiP  governing  frozen  soil  requires 
that  a  settlement  analysis  be  carried  out  in 
accordance  with  the  SNiP  governing  unfrozen 
soil9,  but  the  methods  stipulated  in  the  latter 
fail  to  account  for  the  specifics  of  frozen  soil. 

3.  It  is  not  clear  how  to  determine  the  soil  defor¬ 
mation  moduli  £,  for  different  layers  from  pro¬ 
tracted  field  plate  tests  while  maintaining  the 
temperature  regime  at  various  depths.  Deter¬ 
mination  of  the  compressibility  coefficients 

a |  also  engenders  considerable  difficulties. 

The  SNiP  recommends  determining  pile  founda¬ 
tion  settlement  by  using  data  from  Field  tests  of  piles 
under  static  loads.  However,  the  SNiP  does  not  rec¬ 
ommend  a  specific  method  of  calculation. 

Settlement  analysis  of  foundations  on 
ground  ice  and  ice-rich  soils 

This  section  is  the  most  important  accomplishment 
of  the  SNiP.  For  the  first  time  in  construction  prac¬ 
tice  an  official  regulation  allows  the  construction  of 


large  buildings  and  structures  on  subsoils  containing 
ice-rich  soils  and  ground  ice. 

Settlements  of  foundations  on  ground  ice  and  ice- 
rich  soils  are  estimated  by  the  formula 

S  =  S,+53  (10) 

where 

S,  =  immediate  settlement  due  to  the  soil 
(ice)  consolidation  as  a  result  of  changes 
in  its  air  porosity 

S3  =  settlement  due  to  the  viscous  flow  of 
ice. 

It  is  assumed  that  settlements,  occurs  rapidly 
after  application  of  the  load.  Its  absolute  value  is 
insignificant;  however,  the  formula  for  estimation  of 
S,  is  given  in  SNiP.  The  settlement  S3  is  estimated 
on  the  basis  of  an  approximate  solution  of  the  boundary 
problem  of  a  nonlinear  visco-elastic  half  space  with  a 
variable  temperature  regime6-16  i.e., 

•S3(f)=^  iP-P0)n  btK  * 

m 

I  -  (*0i+*8i+lH“i+1  -«i)  (11) 

M 

where 

p  -  total  average  design  unit  load  under  the 
foundation 

p0  =  overburden  pressure 
n  =  strain  hardening  parameter 
b  -  foundation  width 

t  -  duration  of  use  of  structure  (structure’s 
lifetime) 

K  =  parameter  of  deformability,  the  re¬ 
ciprocal  of  the  “viscosity”  coefficient 
of  ice  determined  by  the  linear  segment 
of  the  rheological  curve 
=  temperature  distribution  coefficients 
in  the  /',h  layer  ol  the  subsoil,  depending 
upon  the  subsoil  temperature  and  the 
depth  of  the  layer 

W|,  wi+,  =  stress  distribution  coefficient  in  the 

/>h  layer  of  the  subsoil,  depending  upon 
the  foundation  shape,  the  layer  depth 
and  the  value  of  parameter  n 
m  =  number  of  layers. 

Graphs  of  the  values  of  hg j(  ke  i+ , ,  w;  and  coj+ , 
are  given  in  two  works6,16.  For  the  case  when  the 
parameter  n  =  1 ,  these  values  are  also  given  in  tables 
in  the  SNiP3.  Equation  1 1  is  recommended  by  SNiP 
11-18-76  only  for  settlement  analysis  of  foundations 
on  ground  ice,  but  it  can  also  be  applied  to  settlement 
analyses  for  foundations  on  ice-rich  soils6. 


The  method  of  settlement  analysis  for  founda¬ 
tions  on  ice-rich  soils  employed  in  the  current  issue 
of  the  SNiP  is  based  on  the  same  assumptions  as 
those  stated  above  for  ground  ice,  but  in  somewhat 
simplified  form.  The  SNiP  gives  the  formulas  for 
determining  the  design  allowable  load  q*  on  ice-rich 
soils  and  ground  ice,  depending  on  the  foundation 
shape,  the  ratio  of  the  foundation’s  sides,  and  the 
temperature. 

Note  that  the  settlements  computed  by  the  pro¬ 
visions  of  the  SNiP  will  be  substantially  overestimated; 
the  reasons  for  this  will  be  examined  further.  It  is 
very  convenient  for  the  following  consideration  to 
neglect  the  variation  of  temperature  and  mechanical 
properties  of  the  subsoil  with  depth,  as  well  as  the 
temperature  change  with  time,  and  represent  eq  11 
in  the  simple  form16: 

S^t)  =  {p-Po)"bt  ifgj-  02) 

Equations  1 1  and  12  make  it  possible  to  estimate 
the  degree  or  the  rate  of  settlement  at  any  time 
during  use  of  the  structure.  However,  the  solution 
has  one  serious  defect:  difficulties  in  determining 
the  deformability  parameter  K.  An  error  in  its  de¬ 
termination  may  strongly  affect  the  results  of  the 
settlement  estimation. 

Equations  1 1  and  1 2  were  obtained  on  the  basis 
of  an  approximate  solution  of  the  nonlinear  elastic 
theory  problem  using  the  ice  flow  law  in  the  secon¬ 
dary  creep  stage1 6»1 8 


'  =  xV 
6  "  (1+101)“ 


(13) 


where 

e  =  creep  strain  rate  in  uniaxial  compression 
a  =  applied  compressive  stress 
n  =  strain  hardening  parameter 
a  =  empirical  parameter  accepted  to  be  unity 
0  =  temperature  in  °C  without  the  sign 
K'  =  3-[(n+1>/2]  k 
K  =  deformability  parameter. 

The  Soviet  Manual17  recommends  determining  the 
deformability  parameter  K  and  the  strain  hardening 
parameter  n  from  short  term  uniaxial  compression 
creep  tests.  It  is  assumed  that  the  primary  creep  stage 
ends  if  the  increments  of  deformation  do  not  exceed 
0.005  mm/hr  (Fig.  2).  In  practice,  this  condition  can 
be  reached  within  several  hours  after  the  start  of  the 
test.  On  the  other  hand,  according  to  data  of  Vot¬ 
yakov19  the  settlement  rates  of  experimental  plates 
on  ice  were  not  constant,  even  after  the  first  four 
months  following  loading.  Experiments18  show  that 
the  primary  creep  stage  of  ice  continues  up  to  one 
year  and  probably  longer. 

In  the  general  case,  ice  flow  in  the  primary  creep 
stage  may  be  approximated16'18 >20  by  the  equation 


e(f)  = 


XK'cf'f6 
(1  +  101)“ 


(14) 


where  X  =  time  hardening  parameter  (6  =  1-  X). 


Figure  2.  Creep  curves  of  frozen  soil  at  constant  stresses 
(m-inf lection  / failure /  points,  \.m—time  to  failure). 
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Comparing  eq  13  and  14,  one  can  see  that  if  the 
dcformability  parameter  AC'  is  determined  from  short 
term  tests  by  eq  1 3  at  time  r,  on  the  primary  creep 
stage,  and  if  the  secondary  creep  stage  begins  at  time 
r2,  the  possible  relative  error  /V  in  the  estimation  of 
the  settlement  using  eq  1 1  or  12  will  be 


where  53,  and  S32  are  the  settlements  due  to  viscous 
flow  of  ice  estimated  using  the  deformability  coeffic¬ 
ients  AC',  and  AC2  in  eq  1 3  at  times  A,  and  t2  respec¬ 
tively20. 

For  example,  let  us  assume  that  the  deformability 
coefficient  AC',  had  been  determined  at  time  f,  =  24 
hr  and  the  secondary  creep  stage  starts  at  time  f2  = 

1 20  days  after  initiation  of  the  test.  If  the  settlement 
were  estimated  using  the  parameter  AC', ,  its  absolute 
value  would  be  overestimated  (according  to  eq  15 
with  6  =  0.3)  by  a  factor  N  »  4,  compared  with  the 
settlement  estimated  using  AC'2  determined  for  the 
time  r2.  Figure  3  gives  the  possible  settlement  esti¬ 
mation  error  N  versus  the  ratio  of  r2  and  f,  at  dif¬ 
ferent  values  of  5.  If  it  is  assumed  that  the  secondary 
stage  starts  at  t2  =  365  days  or  one  year,  the  error 
N  may  range  up  to  20,  depending  upon  the  value  of 
6. 

The  Manual17  requires  that  the  deformability 
(viscosity)  coefficient  of  ice  be  determined  by  the 
“linear”  segment  of  the  rheological  curve.  However, 
it  is  well  known  that  strain  rate  is  an  approximately 
linear  function  of  stress  only  for  small  stresses.  This 
recommended  procedure  is  reasonably  valid  only  if 
the  load  on  the  ice  surface  does  not  exceed  a  *  1 


kgf/cm2,  since  under  higher  loads,  especially  in  the 
upper  layers  of  subsoils,  the  relationship  between 
strain  rate  and  applied  stress  can  be  nonlinear.  Never¬ 
theless,  the  SNiP,  using  the  linear  law,  allows  applica¬ 
tion  of  a  design  stress  considerably  larger  than  1 
kgf/cm2.  Apparently,  this  makes  it  possible  to  de¬ 
crease,  to  a  certain  extent,  the  absolute  value  of  cal¬ 
culated  settlement  and  the  possible  error  respectively. 

The  additional  safety  factors  inherent  in  the  SNiP 
method,  which  are  implied  by  the  overestimation  of 
settlements,  may  be  explained  by  the  fact  that  this 
is  the  first  time  an  analytical  method  of  estimating 
settlement  of  foundations  on  ground  ice  with  time, 
taking  into  consideration  seasonal  changes  of  ground 
temperature  and  variation  of  temperature  with  depth, 
was  developed  and  included  in  the  official  design 
codes. 

A  better  approximation  of  the  experimental  data 
might  be  obtained  by  assuming  that  the  total  founda¬ 
tion  settlement  with  time  S(r)  consists  (Fig.  4)  of 
the  sum  of  three  components: 

S(t)  =  S,  +S2(/,)  +S3(r-r,)  forf>f,  (16) 

where 

f,  =  duration  of  the  primary  creep  stage 
t  -  structure’s  lifetime. 

Settlements  S,  and  S3  can  be  estimated  by  the  pro¬ 
visions  of  the  SNiP.  Foundation  settlements  during 
the  primary  creep  stage  S2  can  be  estimated  by  the 
following  formulat 

s2(fl)  =  ^  {p-p0)nbKt)x 
m 

2  (^8 i  +  ^9 i+ 1 )  (wj+ 1  ■  w|)  (17) 

/-I 


Time 


Figure  3.  Possible  errors  N  in  deter -  Figure  4.  Diagram  for  determination 

mining  foundation  settlements.  of  foundation  settlements. 
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fit  is  assumed  the  parameters  n  and  \  do  not  change  with  depth. 


r 


Equation  1 7,  which  was  obtained20  by  the  generali¬ 
zation  of  Sheynkman ’s  solution  (eq  11),  makes  it 
possible  to  take  into  account: 

1 .  Change  of  the  strain  rate  during  the  primary 
creep  stage 

2.  Change  of  the  subsoil  temperature  with  depth 
and  with  time 

3.  Nonlinearity  of  the  stress-strain  relationship. 

If  it  is  assumed  that  the  subsoil  temperature  is  con¬ 
stant,  eq  1 7  takes  the  form 

S2(t})  =  (p-p0)nb  Jljjfr  r*.  (18) 

The  analysis  of  Votyakov’s  laboratory  data20  showed 
that  the  settlement  rates  of  bearing  plates  on  natural 
ground  ice  are  in  ayeement  with  the  theoretical 
values  estimated  by  eq  1 8.  The  rheological  param¬ 
eters  of  ice  obtained  from  in  situ  tests  by  means  of  a 
pressuremeter  were  used  in  this  analysis.  As  it  will 
be  shown  below,  under  the  consideration  of  SR  80-34, 
eq  1 8  can  also  be  applied  to  the  estimation  of  founda¬ 
tion  settlements  on  all  types  of  frozen  soils 

Design  of  foundations  for  special  soil  conditions, 
and  appendices 

The  final  sections  of  the  SNiP  are  devoted  to 
recommended  design  methods  for  foundations  on 
saline  and  peaty  frozen  soils,  for  foundations  in  seismic 
regions,  and  for  foundations  on  thawing  soils.  The 
SNiP  gives  numerous  data  on  the  design  resistance  of 
frozen  saline  and  peaty  soils  to  normal  pressure  and 
shear  along  adfreezing  surfaces,  depending  on  the 
soil  type,  the  temperature,  and  the  mineral,  salt,  and 
peat  content.  Analysis  of  subsoils  is  performed  by 
the  method  discussed  above. 

The  coefficients  of  the  decrease  in  bearing  capacity 
for  footings  and  pile  foundations  in  seismic  regions, 
depending  on  the  type  and  temperature  of  the  frozen 
soil  and  on  the  region’s  seismic  activity,  are  of  great 
interest.  However,  the  basic  requirements  for  founda¬ 
tion  design  in  seismic  regions  are  not  included  in  SNiP 
11-18-76,  but  in  other  SNiPs. 

Foundation  stability  and  strength  under  the  action 
of  frost  heave  forces  arc  also  analyzed  by  known 
methods12.  The  design  values  of  frost  heave  forces 
given  in  the  SNiP  depend  upon  the  type  of  soil,  the 
degree  of  water  saturation,  and  the  depth  of  seasonal 
freezing  and  thawing.  The  appendices  contain  form¬ 
ulas  for  thermal  analyses  of  subsoils  and  numerous 
tables  of  thermal  soil  characteristics. 

Analysis  of  foundations  on  thawing  soils  is  per¬ 
formed  by  known  empirical  consolidation  formulas12. 
In  the  general  case,  the  settlement  resulting  from 
thawing  of  the  subsoil  will  consist  of  the  sum  of  two 


parts:  that  caused  by  thawing  of  excess  ice  or  phase 
transitions  and  that  caused  by  soil  consolidation.  The 
SNiP  recommends  determining  coefficients  of  soil 
consolidation  and  thaw  from  field  tests  using  heated 
loading  plates  or  from  laboratory  tests  using  oedom- 
eters.  The  SNiP  requires  that  the  allowable  load  on 
the  subsoil  surface  be  determined  in  the  same  manner 
as  for  unfrozen  soil9. 

For  tentative  estimates,  settlements  of  foundations 
on  thawing  soils  are  allowed  to  be  determined  using 
simple  empirical  formulas  and  customary  physical 
characteristics  of  frozen  soils.  However,  errors  in  such 
estimations  may  be  100%  or  more15.  For  estimates 
of  the  depth  of  thawing  in  frozen  ground  under  struc¬ 
tures,  and  also  the  movement  of  thawing  boundaries 
with  time,  special  tables  and  graphs  are  given  in  the 
SNiP,  depending  on  the  ground  temperature  and 
simple  physical  characteristics  of  the  soils.  The 
current  edition  of  the  SNiP  gives  a  certain  latitude 
to  the  designer  in  selecting  an  analytical  method  of 
calculating  deformations  of  thawing  soils. 

Thus,  one  can  conclude  that,  in  spite  of  its  defic¬ 
iencies,  the  latest  edition  of  SNiP  11-18-76  is  undoubt¬ 
edly  the  most  substantial  standard  document  on  de¬ 
sign  of  foundations  on  permafrost  published  in  the 
U.S.S.R.  in  the  last  10  years. 


SR  80-34  (1980)  DESIGN  AND  CONSTRUCTION 
OF  FOUNDATIONS  IN  AREAS  OF  DEEP  SEASONAL 
FROST  AND  PERMAFROST22 

General  information 

This  report  contains  a  large  amount  of  information 
on  various  aspects  of  design  and  construction  in  arctic 
and  subarctic  regions,  from  environmental  considera¬ 
tions  through  inspection  and  monitoring.  It  com¬ 
prises  the  following  chapters: 

1.  Introduction 

2.  Basic  considerations  affecting  foundation  design 

3.  Site  investigations 

4.  Foundation  design 

5.  Survey  data  points 

6.  Construction  considerations 

7.  Monitoring  performance. 

Strictly  speaking,  SR  80-34  cannot  be  compared 
with  SNiP  1 1-1 8-76  as  to  either  its  content  or  its  form. 
Most  of  the  items  discussed  in  SR  80-34,  except 
"foundation  design,”  are  scattered  throughout  dif¬ 
ferent  sections  of  the  SNiP1  >10  and  numerous  semi¬ 
official  documents.  Some  topics,  including  numerous 
design  examples,  have  never  been  included  in  Soviet 
standard  literature. 
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Special  Report  80-34  provides  guidance  to  the 
engineer,  but  since  it  does  not  prescribe  a  specific 
course  of  action,  it  leaves  the  engineer  responsible 
for  any  design  decisions.  For  instance,  the  report 
abounds  with  references  to  other  publications;  how¬ 
ever,  it  is  well  known  that  authors  sometimes  eluci¬ 
date  the  same  questions  differently.  Such  references 
expose  an  engineer  to  the  constantly  changing  state 
of  the  construction  art  and  the  latest  achievements 
of  science,  but  increase  the  likelihood  of  his  choosing 
something  other  than  the  optimum  solution  to  a 
particular  problem.  Apparently,  its  purpose  is  to 
throw  light  on  the  most  important  problems  con¬ 
nected  with  the  design  and  construction  of  buildings 
and  structures,  especially  foundations  on  permafrost, 
and  to  set  examples  for  their  solutions. 

In  contrast,  SNiP  1 1-1 8-76  is  an  official  state  docu¬ 
ment,  having  the  force  of  law  for  all  institutions  and 
organizations  throughout  the  U.S.S.R.  The  SNiP 
does  not  permit  variance  from  its  basic  regulations, 
and  it  exempts  an  engineer  from  responsibility  for 
his  decisions.  In  the  SNiP  references  are  permitted 
only  to  other  SNiPs,  the  number  of  which  is  limited. 

It  probably  makes  design  more  conservative,  and  in 
some  cases  it  makes  it  difficult  to  adopt  nonstandard 
solutions.  It  is  written  in  language  that  does  not 
allow  various  interpretations.  Many  questions  are 
omitted  under  the  assumption  that  the  answers  are 
known.  One  of  the  purposes  of  the  SNiP  11-18-76  is 
to  provide  the  comprehensive  information  necessary 
to  simplify  design  procedures  for  foundations  on 
permafrost. 

Foundation  design 

Special  Report  80-34  and  the  Soviet  SNiP  are  sub¬ 
stantially  different  from  each  other,  which  makes 
comparison  difficult.  However,  their  main  sections- 
both  dealing  with  the  design  of  foundations— are  com¬ 
parable.  These  consist  of  three  parts:  foundation 
bearing  capacity,  settlement  analyses,  and  determin¬ 
ation  of  pile  bearing  capacity. 

Analysis  of  foundation  bearing  capacity 

In  SR  80-34  one  method  for  analyzing  the  ultimate 
bearing  capacity  is  based  on  the  hypothesis  that  fro¬ 
zen  soil  is  purely  a  cohesive  material,  a  conservative 
assumption  because  internal  friction  and  aufreeze 
forces  arc  neglectedf-  It  is  assumed  that  the  long 
term  strength  limit  is  zero  (o„  =  0)  and  that  the  de¬ 
crease  in  soil  strength  with  time  is  described  by 
Vyalov’s  equation 

tin  some  cases  internal  friction  can  also  be  taken  into  account; 
however,  the  circumstances  under  which  the  incorporation  of 
internal  friction  is  possible  are  not  expressed  clearly  in  SR 
80-34. 


where  on(fm)  is  the  time-dependent  frozen  soil  strength 
in  uniaxial  compression;  tm  is  time  to  failure.  Special 
Report  80-34  recommends  that  the  parameters  0  and 
B  in  eq  19  be  determined  by  the  results  of  at  least 
two  laboratory  tests  on  undisturbed  samples  of  each 
foundation  soil;  the  tests  arc  to  be  performed  near 
the  estimated  temperature  of  the  natural  foundation 
soil.  The  nominal  long  term  frozen  soil  strength  on 
is  calculated  by  extrapolation  over  a  very  long  period 
of  time-the  structure’s  lifetime  t  =  tm.  The  bearing 
capacity  of  foundations  for  all  types  of  soils  is  calcu¬ 
lated  by  Terzaghi’s  formula  which,  for  shallow  square 
footings  on  ideally  cohesive  soil  and  neglecting  in¬ 
ternal  friction,  has  the  form: 

(1.3  x  5.7c„+V»)  (20) 

where  a  single  safety  factor  SF  =  2  is  added.  Notice 
that  the  recommended  safety  factor  depends  upon 
neither  the  number  of  tests  nor  variations  in  the  soil 
characteristics. 

The  SNiP  also  assumes  that  frozen  soils  can  be 
considered  as  ideally  cohesive  media,  but  adfreezing 
forces  are  taken  into  account  (see  eq  6).  The  minimum 
number  of  required  tests  is  six.  The  soil  safety  factor 
(see  eq  1 )  does  depend  on  the  number  of  tests  or  on 
variations  in  the  determined  parameter  with  respect  to 
its  average  value.  For  the  case  of  ideal  test  data,  when 
there  are  no  variations  in  characteristics,  the  soil 
safety  factor  will  be  equal  to  unity.  In  other  words, 
theoretically,  the  bearing  capacity  of  foundations  on 
frozen  soils  estimated  by  the  SNiP  could  be  (taking 
into  account  the  correction  coefficients)  up  to  50% 
more  than  that  estimated  by  SR  80-34.  However,  in 
practice  such  a  difference  is  not  observed  because 
there  always  is  a  certain  scatter  in  experimental  data. 

Unlike  SR  80-34,  the  SNiP  takes  into  account  the 
dependence  of  footing  bearing  capacity  on  adfreezing 
forces.  The  influence  of  the  latter  on  the  foundation 
bearing  capacity  can  be  significant,  and  the  disagree¬ 
ment  between  SR  80-34  and  SNiP  in  the  evaluation 
of  footing  bearing  capacity  is  thereby  magnified.  The 
neglected  adfreezing  forces  and  the  internal  friction 
of  the  soil  can  thus  be  interpreted  as  an  additional 
safety  factor  implicitly  incorporated  in  SR  80-34. 

As  was  mentioned  above,  an  important  feature 
of  the  SNiP  that  is  not  included  in  SR  80-34  is  a 
group  of  tables  showing  the  resistance  of  frozen  soil 
of  various  types  to  normal  pressure  and  shear  along 
adfreezing  surfaces.  For  preliminary  design,  and  even 
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for  final  design  of  less  important  structures,  these 
tables  offer  an  opportunity  to  decrease  the  cost  of 
soil  testing,  which  is  considerable,  and  to  simplify 
the  design  procedure. 

The  convenience  and  simplicity  of  the  SNiP 
method  of  calculating  bearing  capacity  can  be  demon¬ 
strated  by  applying  it  to  an  example  in  SR  80-34 
(p.  166-1 70).  In  the  SR  example,  the  dimensions 
calculated  for  a  footing  on  frozen  inorganic  sandy 
silt  with  a  temperature  of  30°F  (*  -1.1°C)  are  4.5 
x  4.5  ft  =  20.25  ft2  (1 8,81 3  cm2).  The  design  load 
/Vd  =  1 50  tons.  Foundation  depth  is  7  ft.  The 
apparent  safety  factor  SF  *  2.25.  The  lifetime  of 
the  structure  is  25  years. 

According  to  the  SNiP  table  of  allowable  bearing 
capacities,  for  this  type  of  soilf  and  this  tempera¬ 
ture,  the  nominal  resistance,  without  a  large  error, 
can  be  taken  as  R  «  9.4  kgf/cm2.  The  nominal 
bearing  capacity  of  the  foundation,  by  eq  6,  will  be 
equal  to 

(?  =  ArucRF=  1.1  x  9.4  x  18,813=  194,526 
kgf  or  194.5  tons. 

According  to  eq  2  the  design  load  on  the  subsoil, 
even  without  taking  into  account  adfreezing  forces, 
will  be 

O  194  5 

Q*  =—  -  -rri'  =  162  tons  >  1 50  tons. 

«r  l.z 

This  comparison  demonstrates  the  advantage  of 
the  tabulated  soil  characteristics  for  preliminary  de¬ 
sign  procedures  when  the  most  economical  construc¬ 
tion  method  (principle)  or  type  of  foundation  is 
being  selected. 

The  values  of  the  frozen  soil  characteristics  tab¬ 
ulated  in  the  SNiP  are  called  long  term  resistances 
because  they  were  computed  by  eq  1 9,  taking  the 
structure’s  lifetime  to  be  50-100  years.  For  pre¬ 
liminary  calculations  it  is  not  important  whether  the 
computation  is  for  25  years  or  100  years,  since: 

1 .  Results  of  the  extrapolation  from  experimental 
data  are  uncertain  for  periods  of  time  t  -*  ». 

2.  Variations  of  the  final  dimensions  of  the 
foundation  are  possible  during  the  design  pro¬ 
cedure. 

Actually,  extrapolation  of  the  experimental  data 
for  long  periods  of  time  does  not,  as  a  rule,  give 
stable  results.  The  nominal  characteristic  values 
with  respect  to  time  can  vary  as  much  as  100%  or 

tThis  is  a  very  rough  approximation  since  it  is  impossible 
to  establish  strict  correspondence  between  American  and 
Soviet  soil  classifications  without  having  a  complete  de¬ 
scription  of  the  soil. 


more,  depending  on  the  soil  type  and  its  temperature, 
the  number  of  tests,  the  test  procedure,  etc.  Specifics 
of  design  always  lead  to  variation  of  the  foundation’s 
final  dimensions,  which  can  be  about  10%  more  than 
those  estimated  by  soil  bearing  capacity.  In  the  con¬ 
sidered  example  the  final  dimensions  are  therefore 
1 2.5%  larger  than  required  by  SR  80-34  for  a  safety 
factor  of  2.  It  is  not  difficult  to  show  that  in  this 
example  the  long  term  strength  of  the  frozen  soil, 
calculated  by  taking  into  account  the  structure's 
lifetime  of  100  years,  differs  from  that  calculated 
for  a  25-year  structure  lifetime  by  only  about  7%, 
i.e.,  the  difference  is  close  to  the  accuracy  of  the 
measurements. 

Finally,  if  an  adequate  correlation  between  the 
soil  classifications  of  the  SNiP  and  SR  80-34  were 
developed,  the  values  of  frozen  soil  resistances  R 
and  Rid  tabulated  in  the  SNiP  might  be  included 
in  western  design  practice. 

Creep  deformation 

Analysis  of  deformation  (settlement)  is  the  most 
important  part  of  foundation  design.  Most  reported 
foundation  failures  have  been  caused  by  nonuniform 
settlement  rather  than  inadequate  bearing  capacity. 

According  to  SR  80-34  the  analysis  of  settlement 
of  footings  on  all  types  of  frozen  soils  is  based  on  the 
following  principles: 

1.  Allowable  load  on  the  subsoil  surface  is  de¬ 
termined  by  a  bearing  capacity  analysis. 

2.  Analysis  of  deformation  is  necessary  for  all 
types  of  soils  except  solid  rock  formations; 
allowable  limits  of  settlements  arc  not  given. +  * 

3.  Total  settlement  is  estimated  by  summarizing 
settlements  originating  in  the  separate  layers 
using  the  formula** 

5(f)  =  £  e,(t)h;  (21) 

i- 1 

where 

e;(f)  =  subsoil  /,h-layer  creep  strain  at  a  given 
temperature 

hj  =  thickness  of  the  layer 
m  =  number  of  layers. 

4.  The  stress-strain  relationship  is  nonlinear  and 
is  described  by  Vyalov’s  equation1 6 .  The 
latter  can  be  represented  in  a  form  that  is 
similar  to  eq  14 


ft  In  some  cases  thev  arc  limited  by  local  construction  codes. 
**ln  fact  three  different  methods  were  presented  in  SR  80-34. 
Of  the  three,  in  the  author's  opinion,  the  method  of  settle¬ 
ment  analysis  considered  below  is  preferable. 
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(22) 


where 

€;(/)  =  average  creep  strain  in  the  /'th  layer 

along  the  central  axis  of  the  foundation. 
The  magnitude  and  distribution  of  stress  under  the 
foundation  is  calculated  by  using  the  elastic  theory. 

Comparing  the  SNiP’s  approach  to  settlement 
analysis  to  that  of  the  SR,  one  can  conclude  that, 
in  spite  of  the  fact  that  both  methods  are  based  on 
the  same  theoretical  premises,  a  certain  discrepancy 
in  the  final  results  will  occur.  Special  Report  80-34 
does  not  require  the  calculation  of  settlements  of 
foundations  on  solidly  frozen  soils,  but  suggests 
this  be  considered  and,  following  the  practice  adopted 
throughout  the  SR,  leaves  the  decision  whether  to 
calculate  them  or  not  to  the  design  engineer.  As 
was  mentioned  above,  according  to  the  SNiP  the 
analysis  of  deformations  is  necessary  only  for  foun¬ 
dations  on  plastic  frozen  and  thawing  soils.  Settle¬ 
ments  of  foundations  on  solidly  frozen  soils  are  not 
calculated  at  all.  This  is  one  of  the  main  differences 
between  the  SNiP  and  SR  80-34  regarding  settlement 
analysis., 

From  the  viewpoint  of  using  the  time  factor  in 
the  analysis  of  foundation  settlements,  the  SR 
approach  seems  to  be  more  attractive.  It  makes  it 
possible  to  estimate  the  settlement  at  any  moment 
of  the  structure’s  lifetime.  It  takes  into  account 
the  stress-time  hardening  effects  and  the  tempera¬ 
ture  dependency  of  strain.  It  could  be  more  com¬ 
plete  even  within  the  limits  of  the  empirical  approach 
if  the  method  took  into  consideration  the  subsoil 
temperature  changes  with  time  as  well  as  the  over¬ 
burden  pressure  of  the  soil.  However,  the  influence 
of  the  latter  factors  upon  the  final  results  may  not 
be  very  substantial. 

A  more  substantial  discrepancy  in  the  results  of 
calculations  from  the  SNiP  and  SR  80-34  is  caused 
by  the  fact  that  the  deformation  characteristics 
used  in  the  analyses  are  determined  by  different 
methods. 

In  the  SNiP,  settlement  of  foundations  on  plastic 
frozen  soils  is  estimated  using  soil  deformation 
moduli  E  or  compressibility  coefficients  a  (see  cq 
9).  This  method  does  not  permit  the  estimation  of 
the  accumulation  of  settlements  with  time.  Never¬ 
theless,  from  an  engineering  viewpoint  it  could  give 
a  satisfactory  result  if  a  practical  methodology  for 
determining  die  frozen  soil  moduli  of  deformation 
or  the  compressibility  coefficients  had  been  devel¬ 
oped. 

Special  Report  80-34  recommends  that  the  de- 
formability  parameter  K'  (see  cq  22)  be  determined 


from  unconfined  compression  tests.  The  best  corre-  j 

spondence  between  the  results  of  estimations  and  j 

the  data  of  field  observations  of  structure  settlements 
will  be  obtained  if  soil  deformation  moduli  E ,  de¬ 
termined  from  field  tests  with  bearing  plates,  are 
used  in  the  analysis.  If  the  compressibility  coeffic¬ 
ients  a  are  used  in  the  analysis,  the  expected  settle¬ 
ment  may  be  overestimated  by  a  factor  of  2  to  5 
compared  with  the  field  observations.  It  is  obvious 
that  using  deformability  parameters  obtained  from 
unconfined  compression  tests  that  take  into  account 
the  time  factor  may  cause  settlement  to  be  overesti¬ 
mated  to  an  even  greater  degree.  Hence,  as  far  as 

settlement  analysis  is  concerned,  the  recommenda-  I 

tions  of  SR  80-34  seem  to  be  more  conservative  than 
the  provisions  of  the  SNiP. 

Note  that  the  latest  data  on  the  long  term  (up  to 
1 7  years)  large-scale  laboratory  tests  of  Vyalov21 
showed  that  time-dependent  settlements  of  bearing 
plates  on  plastic  frozen  soils  can  be  described  by  the 
equation 

"  urA  w  (23) 

where 

d  =  diameter  of  a  plate 
p  =  Poisson’s  ratio 

v,  n  and  X  =  parameters 

co  =  coefficient  depending  upon  the 
shape  of  the  footing 
A ,  =  deformability  coefficient  of  the 
frozen  soil. 

Equation  23  was  obtained  by  a  modification  of 
Shleicher’s  solution  and  coincides  reasonably  well 
with  eq  1 8.  However,  the  problem  is  how  to  de¬ 
termine  the  parameters  of  these  equations  under 
laboratory  conditions  that  will  give  settlements  close 
to  those  that  will  be  experienced  under  field  condi¬ 
tions. 

This  problem  is  closely  connected  with  a  very 
important  question,  which  should  be  emphasized  in 
this  com parision  of  the  two  documents:  how  to 
mathematically  describe  the  creep  curves  and  de¬ 
termine  the  parameters  in  eq  13, 14,  and  22.  This 
question  is  fundamental,  and  all  the  analyses  of 
bearing  capacity  or  foundation  settlement  depend 
upon  its  solution. 

It  is  well  known  that  the  strain  hardening  param¬ 
eter  n  depends  significantly  on  stress,  changing  from 
relatively  high  values  (for  some  types  of  frozen  soils 
n  =  8-10)  at  high  stresses  to  about  unity  for  small 
stresses.  In  SR  80-34  it  is  assumed  that  the  strain 
hardening  parameter  may  differ  from  unity,  while 
in  the  SNiP  it  is  accepted  as  unity  in  all  cases.  The 
time  hardening  parameter  X  also  depends  upon  stress, 


S(r)  =  (1  -  p2)  d 


(JS 
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and  both  n  and  X  can  vary  with  time  and  tempera¬ 
tures.  Hence,  all  the  analytical  methods  mentioned 
above,  which  employ  constant  values  for  these  terms, 
have  an  approximate  character.  Note  that  deforma¬ 
tion  of  frozen  soil  and  failure  constitute  a  unified 
physical  process.  Therefore  the  problem  of  the 
analysis  of  foundation  settlements  cannot  be  success¬ 
fully  solved  until  a  unified  constitutive  equation  is 
established  which  describes  the  long  term  failure 
and  deformation  of  the  soil.  Equations  of  this  type 
were  suggested  in  two  works20’ 27  and  were  verified 
for  various  types  of  frozen  and  unfrozen  soils  at  sim¬ 
ple  and  complex  stress-strain  states. 

Entire  creep  at  constant  stress 

A  unified  constitutive  equation  derived  by  this 
author20*23  >24*25*26  on  the  basis  of  the  rate  process 
theory  has  the  form  (for  a  given  temperature): 


and  C,  n,  m  and  5  are  dimensionless  parameters 
a0  =  "instantaneous”  strength  of  the  soil 
tQ  =  Frenkel’s  relaxation  time 
h  =  Planck's  constant 
k  -  Boltzmann’s  constant 


E  =  activation  energy 
R  =  gas  constant 
T  ~  absolute  temperature,  K 
tm  =  equation  (criterion)  of  the  long  term 
strength,  i.e.  the  time  interval  from  the 
initiation  of  the  test  until  the  inflection 
point  of  a  creep  curve  (Fig.  2,  5, 6). 

Substituting  eq  25  into  eq  24,  the  latter  takes 
the  form: 


where  eD  is  the  initial  strain  rate  at  the  time  t  =  t* 

=  lmin,C1=C/t01-s,andn1  =  n  +  m-  mS.  From 
a  mathematical  viewpoint,  the  structure  of  eq  26 
corresponds  to  equations  derived  in  some  of  this 
author’s  other  works20*27.  However,  eq  24  and  26 
have  better  dimensions  that  give  more  flexibility  in 
mathematical  transformations  and  better  correspon¬ 
dence  to  test  data. 


Secondary  creep 

The  strain  rate  reaches  a  minimum  e  =  em  when 
the  time  t  =  tm .  In  this  case  eq  24  becomes: 


where  C2  =  Ces/ta.  Taking  into  account  eq  25,  eq 
27  can  be  presented  as  the  following: 

P«l 

where  C3  =  Cebkjh. 


Figure  5.  Creep  curves  in  logarithmic  coordinates 
(m-inflection  points,  eQ- initial  strain  rate,  em- 
minimum  strain  rate). 
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Figure  6.  Time  dependent  failure  of  frozen 
soil  (o0— instantaneous  strength,  t0— relax¬ 
ation  time). 


An  approximate  equation  for  deformations  may 
be  presented  in  the  following  form: 

e*  e0  +  Son,rxe6f/'m  ...  (29) 

where  e0  is  the  instantaneous  strain,  B  =  C/t £  a"1  X 
and  X  =  1-6.  Equation  28  expresses  the  temperature 
dependencies  of  the  deformation  process  at  the 
secondary  creep  and  makes  it  possible  to  estimate 
the  activation  energy  of  frozen  soil  at  this  point. 

To  describe  the  entire  creep  in  accordance  with  eq 
29  and  to  determine  all  six  parameters  (C,  n,  m,  6, 
ro  and  o0)  three  tests  are  needed:  two  creep  tests 
and  one  test  for  oQ. 

It  should  be  noted  that  the  strain  rates  on  the 
primary,  secondary  and  tertiary  creep  depend  upon 
the  ratios  of  tQ/tm  and  t/tm.  In  practice  founda¬ 
tions  are  designed  to  satisfy  the  requirements  of 
eq  7  or  20  and  eq  1 9  or  25.  The  time  to  failure  of 
the  upper  layer  of  the  sfSsoil  beneath  the  founda¬ 
tion  is  anticipated  to  be  equal  to  the  structure  life¬ 
time  t|f  =  tm .  This  means  that  the  strain  rate  of  this 
layer  reaches  >-  minimum  within  this  time.  On  the 
other  hand  i'  stressc .  decrease  rapidly  with  the 
depth  (Fig.  1  i  The  times  of  failure  fm  j  of  the  soil 
layers  below  ;  i  pber  layer  are  always  larger  than 
the  seMued  structure  lifetime,  i.e.  fmi  >  tlf.  There¬ 
fore  the  strain  rates  of  these  layers  will  not  reach 
their  mininvms  within  this  time.  Thus,  the  subsoil 
of  t,  e  foundation  will  deform  as  an  entire  unit  with 
a  decreasing  strain  rate  (primary  creep)  that  can  be 
approximated  by  eq  14,  17,  18,  22  and  23;  eq  26 
also  describes  the  primary  creep  (Fig.  5)  when  the 
exponential  term  is  small  (t  -»  0)  and  can  be  neglected. 

Hence,  eq  24  describes  time-dependent  deforma¬ 
tion  for  all  conventionally  defined  stages  of  creep 
over  the  entire  range  of  applied  stresses.  It  contains 
the  equation  of  the  long  term  strength  and  conse¬ 
quently  can  be  extrapolated  into  the  range  of  small 
stresses.  It  is  also  valid  for  the  complex  stress  state 
of  soil.  A  remarkable  property  of  this  equation  is 
that  it  has  excellent  dimensions  and  a  deep  physical 
sense.  This  equation  can  take  various  analytical 
forms,  and  the  process  Fits  well  to  test  data.  It  is 
possible  that  the  analytical  solution  of  the  boundary 
problem  using  this  equation  will  give  calculated 
settlement  values  which  are  closer  to  field  measure¬ 
ments. 

Special  Report  80-34  docs  not  present  a  method 
for  computing  the  amount  of  settlement  due  to  the 
thawing  of  soil  but  states  that  ". . .  thaw  settlement 
problems  should  be  avoided  by  adopting  the  proper 
foundation  design  approach  for  the  conditions  and 
by  designing  for  full  stability  control  .  .  ,22"  The 


basis  for  selecting  the  type  of  foundations  and  con¬ 
trol  measures  is  outlined.  Since  the  methods  ot 
computation  for  thaw  settlement  and  for  the  sta¬ 
bility  of  foundations  subjected  to  the  action  of  frost 
heave  are  not  presented  in  the  SR,  no  comparative 
analysis  with  the  SNiP  is  possible  on  these  topics. 

Determination  ot  pile  bearing  capacity 

Piles  arc  the  most  widely  used  type  of  foundation 
in  northern  regions.  Therefore,  the  determination 
of  pile  bearing  capacity  can  greatly  influence  con¬ 
struction  costs,  and  also  can  strongly  affect  the 
reliability  of  a  structure.  The  bearing  capacity  of 
single  piles,  considering  skin  friction,  is  determined 
by  an  empirical  formula  similar  to  eq  6,  with  the 
difference  that  in  the  SNiP  the  point  bearing  resis¬ 
tance  of  the  pile  is  also  taken  into  account.  This 
provides  an  opportunity  to  increase  the  theoretical 
pile  bearing  capacity  by  10-20%,  but  only  in  those 
cases  when  it  is  calculated  using  tabulated  soil  char¬ 
acteristics.  The  latter  are  given  only  in  the  SNiP.  At 
the  same  time  both  the  SNiP  and  SR  80-34  allow 
bearing  capacity  to  be  determined  by  field  test  data. 
This  circumstance  offers  a  chance  to  compare  both 
documents  on  the  basis  of  an  analysis  of  experimental 
data. 

To  perform  such  a  comparison  lei  us  use  the  SR 
80-34  example  of  an  estimate  of  bearing  capacity 
of  a  single  pile  (Fig.  7).  According  to  the  method 
of  analysis  of  field  test  data  accepted  in  the  SR,  the 
nominal  bearing  capacity!  of  the  pile  is  Ln  =  147,000 
lb.  The  allowable  design  load  is  Ld  *  45,000  lb. 

The  apparent  safety  factor  is  SF=  LJLd  =  147,000/ 
95,000  =  3.27. 

Let  us  determine  the  pile  bearing  capacity  by  the 
SNiP  method.  In  Figure  8,  the  experimental  curve 
of  Figure  7  is  presented  on  a  logarithmic  scale7 .  The 
nominal  bearing  capacity,  determined  by  the  inter¬ 
section  of  the  straight  lines,  is  Pn  -  145,000  lb.  The 
design  bearing  capacity  Q*  or  the  allowable  design 
load  /Vd,  according  to  eq  2  and  8,  will  be 

^  =  p«  (30) 

where  the  soil  safety  factor  /?s  =  1.1,  the  reliability 
safety  coefficient  kf  =  1 .2  for  foundations  of  buildings 
(for  pile  foundations  of  bridges,  as  previously  men¬ 
tioned,  values  of  kr  vary  from  1 .4  to  1 .75),  and  kt 
is  a  temperature  correlation  coefficient. 

Thus,  the  ratio  of  the  allowable  design  loads  of 
the  SNiP  and  SR  80-34  is  determined  by  the  following 
expression: 

tFailurc  toad  in  SR  80-34  terminology. 
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Average  Adfreeze  Bond  Stress  in  Permafrost  (lbf/in2) 


Time  (days) 


Pile  type:  8-in.  pipe,  36  Ib/ft  Soil  profile:  0-1  ft  peat,  1-20.4  ft  (bottom  of  pile)  silt 

Pile  length:  20.9  ft  Backfill  around  pile:  silt-water  slurry 

Length  below  surface:  20.4  ft  A  vg  temp  of  frozen  soil:  29.2° F 

Embedment  in  frozen  soil:  16. 1  ft 

Loading  Schedule:  1 0, 000  lb  increments  applied  at  24-hr  intervals.  The  deflection  shown  for  an  increment 
is  that  observed  just  prior  to  application  of  next  increment. 

Note:  Pile  not  isolated  from  soil  in  thaw  zone. 

COMPUTA  TION  OF  ALLOWABLE  DESIGN  LOAD 

Failure  load  =147, 000  lb  Surface  area  of  pile  in  permafrost  =  5230  in. 2 
A  verage  adfreeze  bond  stress  at  failure  =  147, 000/5230  =  28. 1  lbf/in. 2 

Adjusting  for  10,000  tb/ day  rate  of  loading  (by  interpolation)  average  adfreeze  bond  stress  at  failure  =  21.5 
Assuming  failure  stress  is  40%  greater  than  average  sustainable  stress,  average  sustainable  adfreeze 
strength  =  21.5/1.4  =  15.3  lbf/in.2 
Sustainable  pile  load  capacity  =  15.3  x  5230  =  80,000  lb 

Using  a  factor  of  safety  =  2.5,  allowable  design  load  =  adjusted  failure  load/FS  =  21.5  x  5230/2.5  =  45,000  lb 

Figure  7.  Determination  of  pile  bearing  capacity.  (From  SR  80-34,  Chap.  4,  Fig.  4-80.)  A  and  B  are  additional 
points. 
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Figure  8.  Determination  of  the  pile 
bearing  capacity  according  to  rec¬ 
ommended  Soviet  practice7 .  A  and 
B  are  additional  points. 
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(31) 


If  it  is  assumed  that  the  structure  in  question  is  a  bridge 
foundation,  and  the  subsoil  temperature  equals  the 
test  temperature  (/?,  =  1 ),  the  comparison  of  the 
allowable  loads  will  be  determined  by  the  ratio: 

Nd  _  145,000  x  3.27  J_  293 
Ld  147,000  x  1.1  '  k,  *  k, 

and  thus  it  will  depend  upon  the  number  of  piles 
in  the  foundation  (Table  1 ). 


Table  1.  Ratio  of  allowable  pile  loads  for 
bridge  foundations  determined  by  the  SNiP 
(/Vd)  and  SR  80-34  (£d).  (The  comparable 
ratio  A/d/£d  for  building  foundations  with 
any  number  of  piles  is  2.44  for  kt  =1.2.) 


Number  of  piles 

in  the  foundation  >  20  20-11  10-6  5-1 


and  1 50%  for  foundations  of  buildings.  The  differ¬ 
ence  may  be  less  if  the  different  procedures  used  in 
obtaining  the  experimental  curves  are  taken  into 
account. 

In  the  SR  80-34  example,  the  static  load,  applied 
by  small  increments  of  APt  =  10,000  lb  at  24-hr  in¬ 
tervals,  constitutes  a  step  loading  regime  with  the 
rate  of  loading  equal  to  P  =  10,000  lb/24  hr.  It  is 
known  that  the  failure  load  depends  substantially 
upon  the  loading  regime.  A  family  of  load-deforma¬ 
tion  curves  (similar  to  Fig.  7)  can  therefore  be  ob¬ 
tained  for  the  same  soil  conditions  by  varying  the 
rate  of  loading.  Strictly  speaking,  none  of  the  curves 
produced  by  this  type  of  experiment  can  be  used  to 
determine  the  pile  bearing  capacity  since  the  results 
of  tests  under  the  step  loading  regime  cannot  be 
directly  transferred  to  the  creep  regime  (the  real 
conditions  under  which  piles  are  used). 

On  the  other  hand,  according  to  the  Soviet  prac¬ 
tice7,  the  load  is  applied  to  a  test  pile  by  the  incre¬ 
ments  AP j  *  0.2  to  0.5  Q,  but  the  duration  of  each 
increment  of  loading  is  varied.  The  next  load  APi+ , 
is  applied  if  the  settlement  (displacement)  rate  of 
the  pile  under  the  previous  step  load  does  not  exceed 
the  conventional  allowable  value  D  <  0.2  mm/24  hr. 
The  test  is  stopped  when  the  vertical  displacement 
rate  accelerates  rapidly.  The  values  of  Q  are  deter¬ 
mined  approximately  by  eq  6.  This  test  procedure7 
is  probably  closer  to  the  creep  regime  and  therefore 
the  absolute  values  of  nominal  bearing  capacities  of 
piles  determined  by  the  SNiP  may  be  less  than  those 
determined  by  the  provisions  of  SR  80-34.  However, 
it  should  be  noted  that  the  SNiP  method  also  cannot 
be  regarded  as  satisfactory  because  it  admits  varia¬ 
tion  of  the  load-deformation  curves,  depending  on 
the  allowable  limit  of  the  displacement  rate  of  the 
pile.  Neither  method  takes  into  account  the  struc¬ 
ture’s  lifetime,  even  though  it  is  an  essential  variable 
in  the  determination  of  bearing  capacity  of  footings 
under  both  the  SNiP  and  SR  80-34.  Methods  for 
pile  settlement  analysis  are  not  developed  in  either. 

It  would  be  appropriate,  instead  of  performing 
one  pile  test,  to  perform  two  short  term  tests  in 
step  loading  with  different  rates  of  loading 


Ratio /vd/td  2.09  1.83  1.78  1.67 


These  ratios  convey  the  impression  that  the 
difference  between  the  approaches  of  the  SNiP  and 
the  SR  can  be  up  to  1 00%  for  bridge  foundations 


The  values  of  load  increments  A P  can  be  the  same, 
while  the  intervals  of  At,  which  are  constant  for  each 
test,  must  be  different  (Fig.  9  and  10).  If  it  is  assumed 
for  the  first  approximation,  that  the  total  pile  foun¬ 
dation  settlement  would  equal  the  settlement  of  the 
single  pile,  eq  4  takes  the  form 
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Figure  9.  Diagram  for  determining  pile  bearing  capacity  from 
two  tests  with  various  rates  of  loading:  P  y(a)  and  P  ^(b). 


Figure  10.  Diagram  of  long  term  pile  bearing 
capacities  at  various  loading  regimes:  Con¬ 
stant  load-P  =  Constant  (a);  Step  loading— 


p/*p/t 5/(b). 


o*  =  s* 


long  term  bearing  capacity  for  step  loading  will  be 
given  by  the  formula 

fsi  =  ( 1  +  n)B1P-<'  for  Pj  %  Pj  tsi  (33) 

where  fs  is  time  to  failure  according  to  eq  32. 

The  parameters  6,  and  n  can  be  easily  determined, 
having  from  field  test  data  two  values  of  failure  loads 

m 


and  two  times  to  failure 


^.2  =  1, 


where  m  =  the  number  of  steps.  The  value  of  nominal 
bearing  capacity  of  a  pile  can  be  estimated,  depending 
upon  the  structure’s  lifetime  t ,  as 


^nW  = 


1/n 


(34) 


where  5*  is  the  permissible  ultimate  value  of  founda¬ 
tion  settlement  depending  upon  the  type  of  structure 
and  D*  is  the  permissible  ultimate  vertical  displace¬ 
ment  of  the  pile. 

The  pile  displacement  that  corresponds  to  the 
inflection  point  of  the  transition  from  secondary 
creep  to  tertiary  creep  on  the  last  step  of  loading  can 
also  be  accepted  as  a  failure  criterion. 

It  is  not  difficult  to  show20  that  if,  for  example, 
pile  long  term  bearing  capacity  is  described  for  con¬ 
stant  load  by  a  power  function, 

P-n  for  P  =  Constant  (32) 


Comparing  eq  32  and  33,  one  can  see  that  for  the 
same  failure  times  the  bearing  capacity  of  the  pile 
in  creep  conditions  will  be  less  by  a  factor  of 
(1  +  n)  Vn  than  it  is  in  step  loading.  If  we  assume 
that  parameter  n  »  1.5-2,  the  actual  ratio  of  allow¬ 
able  loads  on  piles  determined  by  SR  80-34  and  the 
SNiP  may  in  some  cases  be  close  to  unity.  The  pro¬ 
posed  method  can  be  applied  to  piles  of  various 
lengths  and  various  ratios  of  the  sides,  as  long  as  the 
dimensions  do  not  differ  greatly  from  those  of  the 
test  pile.  Settlement  of  single  piles  can  also  be  de¬ 
termined  using  information  obtained  from  such  tests. 
All  these  questions  are  closely  connected  with  the 
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search  for  constitutive  equations  and  failure  criteria 
of  frozen  soils  for  various  loading  regimes;  these 
questions  are  discussed  in  the  author’s  works20'26. 

In  spite  of  the  imperfections  mentioned,  SR  80-34 
is  a  serious,  well  organized,  and  well  considered  doc¬ 
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